Localized deformation during fracture of high-strength aluminum alloy  by Toda, Hiroyuki et al.
Available online at www.sciencedirect.com
ICM11 
Localized deformation during fracture of high-strength  
aluminum alloy   
Hiroyuki Toda a, Akira Miyawaki a, Kentaro Uesugi b, Yoshio Suzuki b and 
Masakazu Kobayashi a 
a Department of Mechanical Engineering, Toyohashi University of Technology, 1-1, Hibarigaoka, Tempaku, Toyohashi, AICHI 441-
8580, Japan 
b Japan Synchrotron Radiation Research Institute, 1-1-1 Kouto, Sayo, HYOGO 679-5198, Japan 
 
Abstract 
X-ray microtomography has been utilized for the observation of crack initiation and growth in a high-strength 
aluminum alloy. Procedures for evaluating local crack-driving forces such as J and CTOD, which were developed by 
the present authors, have been applied to analyze localized crack initiation and growth behaviors. The former is 
realized by tracking microstructural features that are located in tomographic imaged in high density. The latter is 
directly measured in 3D images. In order to raise the accuracy of the microstructural tracking technique, a trajectory 
prediction technique has been introduced, thereby substantial improvement in the ratio of tracked markers has been 
realized. Extensive formation of micro cracks ahead of a crack tip has been observed, being followed by premature 
crack initiation and growth. It has been clarified that the micro cracking occurs far beyond (more than 10 times) a 
large strain region that has been predicted in the conventional fracture mechanics. The current methods could offer a 
highly effective way of assessing such 3D local fracture behavior quantitatively. 
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1. Introduction 
X-ray microtomography (XMT) has been used to observe the fracture behaviors of structural materials 
[1, 2, 3, 4]. Only XMT technique performed in a synchrotron radiation facility can realize highly accurate 
four-dimensional (4D: the time dimension and the Euclidean space) observation. A 3D/4D crack-tip strain 
field and local crack driving forces (LCDFs), such as J integral, J, and stress intensity factor, K, can be 
measured with reasonable accuracy with a digital image correlation technique or a microstructural 
tracking technique [3, 4, 5]. In the latter technique, high-density particles embedded in a metal matrix are 
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utilized to obtain discrete crack-tip displacement fields by tracking the particles throughout the 
deformation and fracture. Direct crack-tip opening displacement (CTOD) measurement has also been 
proposed for extracting the variation in local CTOD [6]. To the best of the authors’ knowledge, those 
XMT-based techniques are the only conventional methods for determining such local mechanical 
quantities in 3D/4D in the interior of materials. The LCDF measurement provides a direct evaluation of 
local crack/microstructure interactions.  
In terms of the confidence pertaining to obtained strain and LCDF distributions, accuracy of the 
microstructural tracking is of crucial importance for high-density and accurate strain/LCDF mappings.  
For example, when particles to be tracked are agglomerated, the number of particles that can be 
successfully tracked decreases due to the difficulty in matching each identical particles in consecutive 3D 
images. Kobayashi et al. [5] have applied a cluster matching technique called modified spring model 
algorithm that identifies particle pairs by searching for the smallest total spring energy among particles 
connected by imaginary springs to each other. Inhomogeneous plastic deformation also exerts a 
significant influence on the quality of final stain/LCDF mappings. Multi-frame trajectory prediction has 
been applied to inhomogeneous deformation after the onset of necking [7]. A polynomial to extrapolate 
marker locations for two to three loading steps has been introduced to predict a marker position in a 
subsequent loading step. It has been reported that particles which are tracked in this manner have superior 
probabilities of successful matching in a multi-frame succession that is very nearly equal to 100 % [7].  
Crack-tip displacement field is another example of inhomogeneous plastic deformation. In this paper, 
the best-match particle pairs are determined after distorting one image by considering near-tip 
displacement fields to improve the spatial resolution and measurement accuracy to reasonable levels. . 
2. Experimental and analytical methods 
2.1 Tomographic experiments 
A high-strength Al-4.41Cu-1.57Mg-0.62Mn alloy was solution heat-treated and then artificially aged 
for 7.2 ks at 688 K. Double-shouldered stick-like specimens (11 (L) × 0.6 (W) × 0.6 (B) mm) were taken 
from conventional single-edge notched specimens (55 (L) × 10 (W) × 10 (B) mm) that had been fatigue-
pre-cracked in accordance with ASTM Standard E 647-95A. The value of ratio, a/W (a: fatigue pre-crack 
length), in the final stick-like specimens was about 0.5.  
An in situ loading rig allowed specimens to be scanned under a monotonic fracture toughness test. 
The test rig was positioned approximately 245 m from the X-ray source. A monochromatic X-ray with a 
photon energy of 20 keV produced by a double crystal monochromator was used.  An image detector was 
positioned 55 mm behind the sample, thereby making the imaging system sensitive to deflection contrast 
in addition to absorption contrast. In total 1500 radiographs, scanning 180 degrees, were obtained around 
the loading axis in 0.12 degrees increments for each load level. All the scans were performed while the 
loaded samples were being held at fixed displacements specified in Fig. 1. To suppress the occurrence of 
blurring caused by relaxation behavior, an applied displacement was held for about 20 min for aging 
before each scan. Image slices were reconstructed from a series of projections based on the conventional 
filtered back-projection algorithm. An isotropic voxel with a 0.474 Pm edge was achieved in the 
reconstructed slices. 
2.2 4D image analysis 
Dispersion particles observed in the tomographic volumes were segmented and labeled. A threshold 
value was chosen as a median between the gray value peaks of the particles and the aluminum. 
Pentagonal facetted iso-intensity surfaces of the particles were computed using the conventional marching  
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Fig.1 Load-displacement curve during the in-situ fracture test.              Fig. 2 3D distribution of a crack and microstructures. 
 
cubes algorithm [8] to calculate the gravity center of each particle with high accuracy. In order to avoid 
inaccuracies originating from image noise, only particles over 27 voxels in volume were used for the 
microstructural tracking. The particles were tracked throughout tensile loading by employing the 
matching parameter method with the modified spring model [5]. To increase both the success ratio and 
the number of particles tracked, a simple two-frame trajectory prediction was attempted by modifying the 
gravity center coordinate of each particle using the elastic and elastic-plastic crack-tip displacement field 
equations before applying the matching parameter method. The physical displacement of each particle 
was converted to J integral values inversely through the asymptotic solution for the HRR field. Only 
particles located within the nominal plastic zone were used, excluding a large strain region where the 
crack-tip singularity is invalidated. 
3. Results and Discussion 
3.1 Evaluation of the trajectory prediction attempted 
Figure 2 shows crack images with micro pores and dispersion particles. Note that the underlying 
aluminum and other microstructural features are not displayed in the figure. It can be well recognized that 
a pancake-like structure lies in the vertical direction along which micro pores and particles are aligned in 
Fig. 2 (a). It seems most likely that the locations of micro pores are close or contiguous each other. It has 
been reported that such micro pores are precipitated supersaturated hydrogen and micro pores are 
heterogeneously nucleated on dispersion particles. Since particles are predominantly nucleated on grain 
boundary, micro pores are also located on grain boundary. Fig. 2 (b) clearly shows that the crack front 
line is relatively straight and no significant crack deflection and tilting are observed.  
The physical displacement of all the visible particles have been tracked with and without the trajectory 
prediction method described in section 2.2. Success ratio was improved by approximately 5 % from 93.6 
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Fig.3 The ratio of tracked markers a as function of displacement.                         Fig.4 Equivalent strain distribution. 
 
% (No trajectory prediction) to 98.9 % by introducing the trajectory prediction. Especially for 
agglomerated particles and crack-tip vicinity, it has been worked fairly successfully. The overall ratio of 
tracked markers was more significantly improved from 35.2 % (No trajectory prediction) to 54.3 % by 
introducing the trajectory prediction. By applying the modified spring model in addition to the trajectory 
prediction, both the success ratio and the number of particles tracked were improved to 99.1 % and 
58.9 %, respectively. The number of particles tracked at each loading step is shown in Fig. 3 as a form of 
ratios against all the particles. It can be seen that the trajectory prediction is robust especially after the 
onset of crack propagation. In order to evaluate the spatial distribution of the tracked particles, the region 
of interest has been divided into space-filling unit boxes of 35 Pm in size. The ratio of the number of 
boxes where no particles are observed decreased from 56 to 38 % by introducing the trajectory prediction. 
Crack-tip stress field has been calculated using the Delaunay tessellation algorithm [9], which 
generates an aggregate of space-filling irregular tetrahedral. The vertices of each simplex define 
objectively four nearest neighbor marker microstructural features. Local strain is calculated in each 
tetrahedron, assuming a linear displacement field inside tetrahedrons. Fig. 4 shows an example of crack-
tip strain field shown on a virtual cross-section. It can be understood that strain distribution is far from  
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Distributions of  J integral along a crack front line. The top views of the crack have been superposed.  
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Fig. 6 Relationship between CTOD and J integral.  
 
that obtained from the elastic-plastic fracture mechanics. It appears most likely that the strain distribution 
has been affected significantly by the underlying microstructure.   
3.2 Assessment of local crack-driving force variations 
Figure 5 shows local crack-driving force variation along the crack front line superposed on the 3D 
perspective views of the crack viewed from the loading direction. It is seen that local crack propagation is 
observed in the interior, while no crack propagation was observed near specimen surfaces. Corresponding 
decrease in the local crack driving force is observed in Fig. 5 (c). Some scattering in J value is observed 
in Fig. 5. When microstructural features are not sufficiently small compared with the crack-tip stress field, 
the existence of the microstructural features might affect the displacement field. 
In order to evaluate the J variations, another procedure for analyzing local crack driving forces has 
been utilized [6]. CTOD is a geometric parameter and can be directly measured from a 3D image. This 
contrasts with the indirect measurement of crack driving forces described above. A crack-tip voxel is 
identified on each slice. A pair of intersecting points of the 90 degrees vertex taken from the crack tip 
with crack flanks is determined to measure CTOD. Although CTOD is known as a fracture mechanical 
parameter that has a unique relationship with the J integral, it is not so in the locally measured parameters  
Fig.7 A series of 3D images that represent local crack growth behavior 
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as shown in Fig.6. In the displacement-field-based J derivation, since particles are located about a few ten 
to a few hundred microns from the crack-tip, it would provide rather average information over a wide 
region. On the other hand, CTOD exactly reflects local deformation in the crack-tip vicinity. Examples of 
low CTOD region in Fig, 6 are shown in Fig.7 as virtual cross-sections. It is obvious that there are many 
damaged particles ahead of the crack-tip and some voids have been already absorbed into the main crack. 
Since the diameter of the particles absorbed is less than 10 Pm, local crack-driving forces are locally 
decreased around these slices, which are reflected in the low CTOD values in Fig. 6.  
4. Summary 
In-situ X-ray microtomography observation has been utilized in the synchrotron radiation facility for 
measuring two local crack-driving forces, J integral and CTOD in a cracked 2024 aluminum alloy. In the 
J integral derivation, the trajectory prediction technique has been introduced and substantial improvement 
in the ratio of tracked markers and the success ratio has been achieved. Crack-tip strain field has been 
clearly visualized with the high density tracking data obtained with the improved microstructural tracking 
technique, thereby inhomogeneous crack-tip strain field of the practical alloy has been revealed. 
Extensive formation of micro cracks ahead of a crack tip has been observed, being followed by premature 
crack initiation and growth. It has been clarified that the micro cracking occurs extensively and 
significantly affects the local crack driving forces especially on the measured CTOD.  
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